INTRODUCTION
============

The left coronary artery (LCA) in pigs is the main vessel that provides irrigation to the heart. The LCA irrigates most of the left ventricle and atrium, including the interventricular septum. It emerges from the left aortic sinus, runs to the left behind of the pulmonary trunk, and ends up by bifurcating into the anterior interventricular artery (AIA) and the circumflex artery (CXA). Occasionally, the LCA trifurcates itself, also giving origin to the left diagonal artery (LDA), characteristic which has been described in humans with a frequency of 9-55% and in pigs at 20%^\[[@r01]-[@r03]\]^.

The AIA descends through the homonym sulcus and emits septal branches, left branch of the cone (LBC), and right and left ventricular branches. The first left ventricular branch is called anterosuperior branch, and it usually has a good diameter and is projected towards the mid and lower thirds of the obtuse margin of the heart, with a frequency of 81-82% in humans. This branch has not been described in pigs. The AIA extends to the cardiac apex and commonly sends terminal branches to the posterior interventricular sulcus, which may anastomose with the posterior interventricular artery (PIA)^\[[@r03]\]^. The AIA ending in the apex has been described in a range of 6-33%, while at the posteroinferior aspect has been described in human hearts with a frequency of 42-80%^\[[@r04]-[@r06]\]^.

The CXA presents two segments: The first one runs along the left atrioventricular sulcus to the obtuse margin of the heart, whereas the second segment continues through the posterior atrioventricular sulcus and may occasionally ends up at the crux cordis. The main branches of the CXA are the left marginal branch (LMB), left atrial branches and left ventricular branches^\[[@r03]\]^. In human hearts the CXA has been described as ending up as the PIA (left dominance), with an incidence of 5-20%^\[[@r07],[@r08]\]^ whereas in pigs this morphologic feature occurs rarely^\[[@r03],[@r09],[@r10]\]^. The sparse studies referring to the LCA in pigs have been conducted with small samples and are limited to qualitative descriptions^\[[@r02],[@r03],[@r09]\]^.

The importance of the study of the LCA in pigs lies in the utilization of this species as an experimental model for cardiovascular surgery, hemodynamics, and for compared anatomy teaching - learning processes^\[[@r03],[@r09],[@r11]\]^. Similarly, given the large similarity existing between the hearts of humans and pigs, this work intends to enrich the knowledge on the coronary circulation in pigs to improve the applications using this animal species.

METHODS
=======

This cross-over descriptive study assessed the LCA of 158 hearts of commercial stock pigs (Pietrain, Landrace Belga and Large White mixed breeds) destined to sacrifice with a mean age of 5 months, obtained from the Vijagual Refrigerating Plant of Bucaramanga - Colombia. The organs were subjected to an exsanguination process in a water source for 6 hours. After the LCA was marked with a silk suture at its origin, it was catheterized through its ostium and perfused with polyester resin (80% palatal GP41L and 20% styrene) impregnated with red mineral. Then, the hearts were subjected to a partial corrosion process with a 15% KOH (potassium hydroxide) in order to remove the subepicardial fat located at the interventricular and atrioventricular sulci.

The diameters of the LCA and its branches were measured at their origins using a digital caliper (Mitutoyo^®^); lengths were determined, and the finalization of the AIA was typified at the lower third of the anterior interventricular sulcus, at the apex, or at the posterior aspect of the heart. Similarly, the finalization of the CXA was assessed at the obtuse margin of the heart, at the posterior aspect of the left ventricle, at the crux cordis, or at the posterior interventricular sulcus. The branches anterosuperior (ASB) and LMB were characterized with respect to diameters, lengths, and irrigated ventricular segments.

The data were annotated in a physical matrix and recorded in a digital medium using Excel tables. Photographs of all of the pieces analyzed were taken to support the observations.

The continuous variables were analyzed using the t test, whereas the discrete variables were analyzed using Pearson\'s χ^2^ test and Fisher\'s exact test. The results were evaluated using the \"Epi - Info 3.5.3\" statistical program. The significance level used for this research was (*P*\<0,05).

RESULTS
=======

The mean weight of the 158 hearts obtained from pigs sacrificed when weighing 90 kilograms was 360±61.21 grams. The LCA had a diameter of 6.98±1.37 mm and a length of 3.51±0.96 mm. This artery bifurcated into the AIA and CXA in 125 hearts (79%) and trifurcated with an additional LDA in 33 specimens (21%), 22% of which were males and 20% females. ([Table 1](#t01){ref-type="table"}).

###### 

Division of the left coronary artery in anterior interventricular artery (AIA), circumflex artery (CXA) and left diagonal artery (LDA), by gender discrimination.

                                 Total sample   \%    Males   \%    Females   \%
  ------------------------------ -------------- ----- ------- ----- --------- -----
  Bifurcation (AIA y CXA)        125            79    69      78    56        80
  Trifurcation(AIA, CXA Y LDA)   33             21    19      22    14        20
  Total                          158            100   88      100   70        100

The LDA had a diameter of 2.7±0.72 mm and a length of 72.1±20.48 mm. It ended up at the lower third of the obtuse margin of the heart in 16 specimens (61.5%), whereas in 7 (27%) it ended up at the mid third. In 3 specimens (11.5%) it was short and only reached the upper third of the said margin. The LBC was observed in 109 specimens (69%), with a diameter of 1.25±0.39 mm; with the distance from its emergence to the left coronary ostium measuring 18.54±5.34 mm ([Figure 1](#f01){ref-type="fig"}).

![Obtuse edge of the heart. LA: Left Atrium. LV: Left Ventricle. RV: Right Ventricle AIA: Anterior Interventricular Artery. CXA: Circumflex Artery. LDA: Left Diagonal Artery](rbccv-29-02-0214-g01){#f01}

The AIA length was 95.6±15.25 mm. The AIA ended up at the apex in the majority of the cases (79.7%) both in males and in females, whereas its termination at the lower segment of the posterior aspect was 12.7%, a non-significant statistical difference (*P*=0.59) ([Table 2](#t02){ref-type="table"}).

###### 

Finish of anterior interventricular artery in homonym groove, cardiac apex and posterior surface, by gender discrimination.

                      Total sample   \%     Males   \%     Females   \%
  ------------------- -------------- ------ ------- ------ --------- ------
  Middle third        3              1.9    3       3.4    \-        \-
  Lower third         9              5.7    4       4.4    5         7.1
  Cardiac apex        126            79.7   71      81     55        78.6
  Posterior surface   20             12.7   10      11.2   10        14.3
  Total               158            100    88      100    70        100

The AIA had on average 5±2.05 right ventricular branches and 5±2.11 left ventricular branches. Its proximal diameter was 4.06±0.73 mm; the mid diameter was of 2.82±0.54 mm, and its distal diameter was of 1.61±0.36 mm. The presence of an anastomosis between the terminal branches of the posterior interventricular artery and the AIA was found in 12 specimens (7.6%) ([Figure 2](#f02){ref-type="fig"}).

![Anastomosis between branches of the anterior and posterior interventricular arteries. LV: Left Ventricle. RV: Right Ventricle. AIA: Anterior Interventricular Artery. PIA: Posterior Interventricular Artery. (\*): Anastomosis near the apex of the heart](rbccv-29-02-0214-g02){#f02}

The ASB of the AIA was found in 142 hearts (89.9%), with a diameter of 1.84±0.68 mm and a length of 45.75±21.39 mm. The distance between its emergence and the left coronary ostium was of 24.63±7.42 mm ([Figure 3](#f03){ref-type="fig"}). This branch ended up more frequently (39.4%) at the mid third of the obtuse margin of the heart ([Table 3](#t03){ref-type="table"}).

![Anterior view of the heart. LV: Left Ventricle. RV: Right Ventricle. AIA: Anterior Interventricular Artery. CXA: Circumflex Artery. Arrow: Antero Superior Branch, finishing in the middle third of heart obtuse edge](rbccv-29-02-0214-g03){#f03}

###### 

Finish of anterosuperior branch (ASB) of anterior interventricular artery (AIA) on the obtuse side of the heart, by gender discrimination.

                 Total sample   \%     Males   \%     Females   \%
  -------------- -------------- ------ ------- ------ --------- -----
  Upper third    40             28.2   17      21.8   23        36
  Middle third   56             39.4   37      47.4   19        30
  Lower third    43             30.3   21      27     22        34
  Cardiac apex   3              2.1    3       3.8    \-        \-
  Total          142            100    78      100    64        100

The ACX length was 80±16.26 mm being lower with respect to the length of the AIA (*P*=0,6317). The CXA ended up at the posterior aspect of the left ventricle in 101 hearts (64%); in 55 samples (34.8%) it reached the crux cordis ([Figure 4](#f04){ref-type="fig"}), whereas in two cases (1.2%) it was short and ended up as the LMB. Its proximal diameter was 3.68±0.79 mm; its mid diameter was 2.75±0.55 mm, and its distal diameter was 1.66±0.55 mm. The smaller proximal diameter of the CXA with respect to the AIA was not statistically significant (*P*=0.0905).

![Posterior view of the heart. LV: Left Ventricle. RA: Right Atrium. RCA: Right Coronary Artery. PIA: Posterior Interventricular Artery. CXA: Circumflex Artery, ending near the crux cordis](rbccv-29-02-0214-g04){#f04}

The LMB was found in 139 hearts (87.9%), ending up at the mid third of the obtuse margin of the heart in 72 specimens (51.7%). In 46 (33%) specimens ended up at the lower third, whereas in 15 specimens (11%) they ended up at the level of the apex. It was very short, reaching the upper third in 6 cases (4.3%). Its proximal diameter was 2.25±0.55 mm, and its distal diameter was 1.23±0.32 mm. It has a length of 63.13±14.97 mm and the distance from its point of finalization to the apex was 36.59±13.84 mm ([Figure 5](#f05){ref-type="fig"}).

![Obtuse edge of the heart. LA: Left Atrium. LV: Left Ventricle. AIA: Anterior Interventricular Artery. CXA: Circumflex Artery. LMB: Left Marginal Branch, ending at the apex of the heart](rbccv-29-02-0214-g05){#f05}

DISCUSSION
==========

The length of the LCA was 4-5 mm in pigs^\[[@r03],[@r12]\]^ and in humans of 6-15 mm^\[[@r13]-[@r16]\]^ reported in prior studies is longer than that found in this study (3.51 mm), an important issue to bear in mind for the training in the passing of catheters for experimental cardiovascular surgery models. LCAs shorter than 6 mm have been recorded in humans with an incidence of 7-15%^\[[@r16]-[@r18]\]^. Short coronary arteries are considered as risk factors for an appropriate coronary perfusion during aortic valve replacements, because the catheter may be inserted into one of the terminal branches and thus cause ischemic areas with potential arrhythmias, myocardial infarctions, or both^\[[@r16],[@r19]\]^.

The diameter of the LCA has not been reported in pigs, and we consider that our finding (6.98 mm) is considerably greater than what has been reported in humans^\[[@r08],[@r13],[@r15],[@r20]\]^, a trend that is maintained with the diameters of all of the branches, taking into account that the hearts evaluated were obtained from pigs with a mean weight of 90 kilograms. The bifurcated expression of the LCA (AIA and CXA) observed in 79% of the cases and trifurcated (AIA, CXA, and LDA) in the 21% of the samples evaluated, is consistent with the report by Jordão et al.^\[[@r01]\]^; but not with the works by Kato et al.^\[[@r02]\]^, Sahni et al.^\[[@r03]\]^, and Crick et al.^\[[@r09]\]^ who reported the bifurcate expression in the 100% of the pig hearts they evaluated.

This disagreement may be understood by the different criteria utilized to characterize and name the branches that irrigate the obtuse aspect the pig hearts. The bifurcation of the LCA has been reported in humans with a frequency of between 40-70%, the trifurcate expression with a frequency of 9-55%, and a tetrafurcate expression between 5-7% of the heart specimens studied^\[[@r13],[@r15],[@r16],[@r21]\]^. In agreement with prior studies in pig hearts, our work failed to observe the tetrafurcate division of the LCA. This morphologic expression differs slightly from the left coronary irrigation of humans.

The LDA ending up at the lower third of the obtuse margin of the heart in 61.5% of the specimens is in disagreement with the findings of Jordão et al.^\[[@r01]\]^ who reported a short LDA (22.4 mm) ending up at the upper third in 95% of the cases. Some studies in human hearts indicate a predominance of LDA penetrating the myocardium at the level of the mid third of the ventricular surface^\[[@r21],[@r22]\]^, whereas some other works report a predominance of the LDA ending up at the upper third^\[[@r15]\]^. Length variations of the diagonal branches are particularly relevant in cardiac surgery because their subepicardial portion is commonly used to implant a bypass graft, so the existence of a short LDA limits the likelihood to perform this type of procedures^\[[@r23]\]^.

ASB have not been described in studies with pigs. The occurrence of this vessel in our series (89.9%) is slightly more common than that reported by works conducted in humans^\[[@r15],[@r22]\]^, with which there is concordance in the finalization at the mid third of the left ventricle. Our findings concerning the length and diameter of the ASB (45.7 and 1.84 mm) are similar to reports in humans^\[[@r15],[@r22]\]^. The LBC has only been reported before by Sahni et al.^\[[@r03]\]^ who described it as a short branch with no subepicardial anastomosis with the right branch of the cone, a morphologic feature that is consistent with what was observed in our work.

The AIA ending up at the level of the apex in 79% of the cases is consistent with the findings by Sahni et al.^\[[@r03]\]^ with only minor differences as to the number of left ventricular branches emitted by this artery (3-4), in comparison with our work (5 branches). In humans, it has been reported to end up at the lower segment of the posterior interventricular sulcus in 42-80% of the cases, and at the apex in the 6-33% of the subjects^\[[@r05],[@r06],[@r13],[@r24],[@r25]\]^.

The site where the AIA ends up can be considered as a difference in the cardiac irrigation of humans and pigs. The presence of anastomosis between the terminal branches of the AIA and the posterior interventricular artery has been described by Lumb et al.^\[[@r12]\]^ in a qualitative manner, and was observed in 7.6% of the specimens of our series, with this morphologic expression being relevant as protective of the coronary irrigation. The distal segment of the AIA that, after overcoming the apex, is distributed into the neighboring territory of the diaphragmatic aspect, irrigates the area not reached by the posterior interventricular artery. This anatomic expression should be taken into account when assessing myocardial infarctions located in the lower segment of the posterior wall of the heart, because the arterial obstruction could compromise the distal portion of the AIA instead of the posterior interventricular branch as it is commonly believed.

In agreement with most prior studies^\[[@r03],[@r09],[@r12]\]^ the CXA did not end up at the posterior interventricular sulcus in any of our specimens; it mostly ended up at the posterior aspect of the left ventricle (64%) and to a lower percentage at the crux cordis. The study by Weaver et al.^\[[@r10]\]^, who reported the CXA ending up as the posterior interventricular artery in 5% of the cases should be highlighted. The CXA has been reported as ending up at the posterior interventricular sulcus with a frequency of 7 - 23% in human hearts, with this being the feature of the left coronary dominance^\[[@r05],[@r08],[@r13],[@r14],[@r21]\]^.

The LMB has not been sufficiently characterized in either humans or pigs. The occurrence of this vessel as reported by Sahni et al.^\[[@r03]\]^ is similar to our finding (87.9%). Short CXAs have been described as ending up as the LMB with a frequency of 13-25.3% in human hearts^\[[@r05],[@r08],[@r13],[@r21]\]^. In the majority of the cases the marginal branches are seen to irrigate segments of the obtuse aspect of the heart through collateral branches with horizontal or oblique courses.

CONCLUSION
==========

-   Compared with humans, pigs have shorter LCA trunks and branches; even the CXA never reaches the posterior interventricular sulcus.

-   The greater diameter of the LCA and its branches found in the present study in comparison with what has been reported in humans is probably due to the greater weight of the hearts of the pigs evaluated.

-   The incidence of a trifurcate division of the LCA in pigs is situated in a mid range with respect to what has been reported in human hearts.

-   The ASB, LMB, and LDA with their good length and diameter, are relevant players for the irrigation of the obtuse aspect and posterior wall of the left ventricle in pig hearts.

-   The qualitative and morphometric knowledge of the LCA and its branches in pigs supports the utilization of this species for experimental models.
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